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How to Accelerate the Transition to
a Fossil-free Society Using Smart Buildings

Henrik Madsen

Applied Mathematics and Computer Science

Technical University of Denmark
http://www.smart-cities-centre.org

http://www.henrikmadsen.org
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Quote by B. Obama at the Climate Summit 2014
in New York:

We are the first generation affected by
climate changes,

and we are the last generation able to
do something about it!
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Potentials and Challenges

for renewable energy

@ Scenario: We want to cover the
worlds entire need for power
using wind power.

® How large an area should be
covered by wind turbines?

i'» CITIES

- Centre for IT Intelligent Energy Systems

500 Miles ‘<
500Km, N {
\__—Barents\Sea D ’/

Vorkuta, 03]

ya , ~ T
At igansl” . <izevsk
v e Ve S I e
4 Movgored B s a\g{\ >
/) & Roso? | ey ¢
) [ JRigE T 7 Mosgom
~ 4 . -

2GR

/" Gury e
N

e
i)
‘Shevchenko" o3
5
q

N Caspian Sea \

La Corung, /\ (
Bragaff S~ rdz onjkidz: \ Bl
~_ Pon D\ ’% . J \
JLisbor, = v ~ == mm.. |

i 3
,
Rabat 47 ° Algil
abal T P Annaba "
e N7 " Constanting == {Tunis Catania
Casablanea— 5 — A
atna, i
arakech / Valletta
. MALTA
_ MOROCCO L

¢! ! i Sea
- " |
TUNISIA ll | »sms ﬁA
Misratah X | Port \
| jh %
3 Band “Z'K‘ Alexandria, Said e
JTimimoun N A —
ALGERIA ) ‘ -~ i ¢ Suez SAUDI ARABIA
LBYA \ '\ N\ / EGYPT  CaiFo[} z& ‘I
— S

The Hong Kong Polytechnic University, BSE Seminar, Dec. 2018



Potentials and Challenges =
for renewable energy

Scenario: We want to
cover the worlds entire
need for power using wind
power

How large an area should
be covered by wind
turbines?

Conclusion: Use data
intelligence

Calls for IT / Big Data /
Grey-Box Models for
Integration of Renewable
Energy
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Jutland - Sweden Power right now

i Exports: 332 MW Measured in MW:
-
. -’ Central power stations 1.315
*e R Local CHP plants 298
-

—e ' wind turbines 3.951
Ty Solar cells 0

Jutland - Norwa
Y Net exchange eksport 2.096
Exports: 1.530 MW Electricity consumption 3.469
CO2 emissions 164 g/kwh

v

LEGEND v

Zealand - Sweden

Exports: 1.026 MW

—
-

Bornholm - Sweden

Exports: 16 MW

The Great Belt
--=-= B9 MW

Zealand - Germany
Jutland - Germany

Imports: 336 MW
Imports: 473 MW

Last updated 2. februar 2016 23:28
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The Danish Wind Power Case

.. balancing of the power system

I

25 % wind energy (West Denmark January 2008)| 20 % wind energy
o e .| —
SR TRV Bmn et AR | Mk e
S R IRIAT(P IRIRIRTRIAE W ARIRTRINTAT A - LA L A
LIRS RSARINEEAR dingy | L
1500 j \wdj\ Upu FJV\W ﬁk 1500 Vi =l

In 2017 more than 44 pct of electricity load was

In 2008 wind power did cover the entire covered by wind power.
demand of electricity in 200 hours For several days the wind power production was
(West DK)

more than 100 pct of the power load.

July 10th, 2015 more than 140 pct of the power
load was covered by wind power
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Challenges

i

f— Preparatory study on 4|

e Smart Appli
— art Appliances tusper,
el
= l - Ecodesign Preparatory Study
. .- performed for the
European Commission
Welcome Project summary Planning & Meetings Documents Register for website Register for meeting Contact & Consortium

Home Project summary

Project Summary R/

The Ecodesign Preparatory Study on Smart Appliances (Lot 33) has analysed the technical, economic, market an %tal aspects with a view to a broad introduction of smart
appliances and to develop adequate policy approaches supporting such uptake. @
The study deals with Task 1 to 7 of the Methodology for Energy related products (MEErP) as follows: ,

Scope, standards and legislation (Task 1, Chapter 1); o
Market analysis (Task 2, Chapter 2); o

User analysis (Task 3, Chapter 3); A/

Technical analysis (Task 4, Chapter 4);

Definition of Base Cases (Task 5, Chapter 5); G '

« Design options (Task &, Chapter 6); /

« Policy and Scenario analysis (Task 7, Chapter 7). 6 .
An executive summary of the project results can be downloaded here. ///0
Throughout the study, new relevant aspects have come up which will be covered in a second phase of the Preparatory Study: , t

« Chargers for electric cars: technical potential and other relevant issues in the context of demand response.
« The modelling done in the framework of MEErP Task 6 and 7 will be updated with PRIMES data that recently became available, and with the EEA-countries.
« The development and assessment of policy options that were identified in the study will be further elaborated and deepened.
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Data Intelligent Energy Systems
for a Smart Society
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Temporal and Spatial Scales

The Smart-Energy Operating-System (SE-OS) is used to develop,
Implement and test of solutions (layers: data, models, optimization,
control, communication) for operating flexible electrical energy
systems at all scales.

fnens

Geographical Scale

Complexity
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DTU
Models for Systems of Systems =

Intelligent systems integration using big data and ICT
solutions are based on grey-box modelling for real-time
operation of flexible energy systems
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Smart-Energy OS e

P U P K T v S S e S 3 Aggregated loads
: £ - . iR P e e e e e e e
_ = . ; |
e
Day Ahead Market H :
o : f O
S o

DIRECT CONTROL (DC)
Individual consumption
schedules

INDIRECT CONTROL (IC)
Price signals

! - "
Sub Aggregator B
Ace Forecast services

Sub Agé!egator A
Forecast services

Meteorological forecasts
Local data

eal time price

o Adwvanced Advanced Adwvanced
= =
s =2 Ty controller controller controller
= E % = = -
2w < t L= = =
O & - : - z - :
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o
Transport {q) l l e
I ot ution| | Intelligent T e i
istribution heating/ 3 Solar
; Intelligent :
Industrial & treatment] | O ping buildiﬁgs thermal Industrial CHP plant
processes processes
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Control and Optimization

Day Ahead:

Stoch. Programming based on eg. Scenarios

Balancing
Waieel Market Cost: Related to the market (one or two levels)

Direct Control:

Actuator: Power

i

Agagregator Indirect Control

(ic)

aggegated loads

Two-way communication

Direct Control ;
DC
(DC) ‘ =

(a)
Sub Aggregator

~ Feantas | Butvien
-t aind geniiel s ardes

Models for DERs are needed

()
Sub Aggregator
« Fedmeasi Sanion

MET Forecasts
Local Data

i Constraints for the DERs (calls for state est.)

Opd. and condi ol serices

Contracts are complicated

i ﬁﬁ Indirect Control:

Cost: E-MPC at low (DER) level, One-way
communication

Advanced
Cortroller

In Wiley Book: Control of Electric Loads Models for DERs are not needed
in Future Electric Energy Systems, 2015 simple 'contracts'
i'b CITIES
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Proposed methodology
Control-based methodology
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— |
We adopt a control-based f/ min B (am wiepi)]
approach where the price | k=0 j=1 \
. . \ s.t. xpp = Az + Buy + Edy, I|
becomes the driver to manipulate \ e = Ca |
. . k — ks Il-'
the behaviour of a certain pool < g < e,/

flexible prosumers. \k << ”’fﬂ/
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Which type of forecast to use? =
@ Point forecasts i
@ Conditional mean and .
covariances j
@ Conditional quantiles
(Prob. forecasts) =

2@ Conditional scenarios
@ Conditional densities

@ Stochastic differential _‘ _
equations . | | . . . .

Pct. of installed capacity
40 0

20
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SE-OS Characteristics

i

‘Bidding - clearing - activation’ at higher levels
Nested sequence of systems - systems of systems
Hierarchy of optimization (or control) problems

Control principles at higher spatial/temporal resolutions

¢ e e ¢ ¢

Cloud or Fog (IoT, loS) based solutions - eg. for forecasting and
control

¢

Facilitates energy systems integration (power, gas, thermal, ...)
Allow for new players (specialized aggregators)
Simple setup for the communication and contracts

Provides a solution for all ancillary services

e e ¢ ¢

Harvest flexibility at all levels
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SE-OS
Control loop design - logical drawing

| Termostat
actuator




Lab testing ....

Cw wxn e mEmEm

L

- N ™S W © N~ ©




SN-10 Smart House Prototype
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Some case studies ....
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Case study No. 1

Control of Power Consumption using
the Thermal Mass of Buildings
(Peak shaving)
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Aggregation (over 20 houses)

xxx

‘ — Aggregated consurmption [kWh

5L
OJII'H i ,.IH JJM | W} | |
225

12 125 20 205 21
Diays

Price-responsive temperature setpoint [*C]
""""" Original termnperature setpoint [*C]

12 125 20 205 21 215 22 22.5 23
Doays
10~
] | Price L

5 — |—J """"" Standardized price
Ol T e T

-5 | | | | | | | |
19 195 20 205 21 215 22 225 23
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Non-parametric Response on
Price Step Change

I

Olympic Peninsula

= 0.2
= Consumption step response (Olympic Pen.)
5 5 hours
8 o
£
>
c
S

_02 1 1 1 1 1

-10 -5 0 5 10 15 20
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Control of Energy Consumption =
Model parameters
Price-response
o estimator <

Consumption Aggregated

references Price generator Prices Price-responsive consumption

- (controller) o> consumption @ >

A

(ggﬁsm 50,1 %
49,8 Hz 50,2
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Control performance

I

Considerable reduction in peak consumption
Mean daily consumption shift

14

12

Responsive
Unresponsive

Consumption [kW]
o0

2 1 1 1 1
0 5 10 15 20
o 150f T N
2 Generated
o .
100F ™ 7 e Desired level
0 5 10 15 20

Hour of day

> CITIES

gy CentreforlT Intelligent Energy Systems The Hong Kong Polytechnic University, BSE Seminar, Dec. 2018



=
=]
—

i

Case study No. 2

Control of Heat Pumps for buildings
with a thermal solar collector
(minimizing cost)
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Grundfos Case Study

Schematic of the heating sv
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Modeling Heat Pump and Solar Collector
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Avanced Controller

Formulation

The Economic MPC problem, with the constraints and the model,
can be summarized into the following formal formulation:

N-1
- /

{uw;&@ kzzﬂc U (4a)
Subject to  xx11 = Axx + Buy + Edyk=0,1,...,N—1 (4b)
Yo = €3y, o— 12 00N (4c)

U 2 e iy k=0,1,....,N—1 (4d)
Bllnin € Ay < Dligisy k=0.1,...;,N—1 (4e)

Ymin < Yk < Ymax k=0,1,...,N (4f)
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EMPC for heat pump with
solar collector (savings 30 pct)
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Case study No. 3

Control of heat pumps for swimming pools
(Minimization of Cost / CO2)
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How does it work? ™ Smart

Data measurement and
information gathering -

Temp A2
ACT1

. ACT2 Temp F1 Temp R1
— . Temp F2 Temp R2
Fol S —
s — III JI - Pocl :
=g WL
Heat
exchanger RELAY1
RELAY2

s01 S02
9 30 PWR S0 PWR
(=

pump




How does it work? = Smart

Price based Control

Temp A1
Temp A2
ACT1
ACT2 Temp F1 Temp R1
TempF2 Temp R2
& W . II ;I i Fool
Il i!i:ll |
a prr T
Heat
exchanger RELAY1
RELAY2

s01 502
9 50 PWR S0 PWR
. =T
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Share of electricity originating from renewables in Denmark Late Nov 2016 - Start Dec 2016

70 hydro

biomass
geothermal
wind

solar

7 28 29 30 01 02 03 04

Dec
2016

Source: pro.electicitymap.org
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Live CO2 emissions of the European
electricity consumption

This shows in real-time where your electricity comes from and
how much CO2 was emitted to produce it.

We take into account electricity imports and exports #»
between countries.

Tip: Click on a country fo start exploring —

B wind power potential (m/s) =3

Like the visualization? We would love to hear your feedback!
Found bugs or have ideas? Report them here.

This project is Open Source: contribute on GitHub.

All data sources and model explanations can be found here.

B svre 20 | W T

Tomorrow

EiLike W Foliow

CITIES

Centre for IT Intelligent Ener

January 25, 2017 UTC+01:00
8:01 AM

]




Temperature [*C]

Cost

Example: Price-based contro

A12979 Controller

Cost: DK1 Imbalance Price Consumption [EUR/MWh]

228 B ¥ me-sm / watertemperatureFon:
#) ma-sm / Airfemperature
M ¥ pre / watertemperaturaR sturmii
300
M| ¥ pre / waterTemperatureReturme
M ¥ pre { watertemperatureRstumn
M ¥ me-5m / watertemperatureRetur
275 )
M"’ Hrﬁ’* B ¥ pre f watertemperaturesatpoint
M ¥ me-s5m/ watertemperatureSetpe
250
225
200
175
150
1g:00 20:00 22:00 2018-01-1% 02:00 [+Eiuls] 0500 0=:00 1000 12:00 1400 1600 18:00 20000 22:00
Download
. 1.00 ] pre-inp § CostPre
Bl | pk1 imbalance Price Consum|
. | e [EURMWH]
. [+
- © [ | pre / valveState
35 oso © ¥ me-smivavestae
]
a0 | 025 &
=
15 . 0.00
18:00 20:00 22:00 2018-01-15 02:00 04:00 0600 0800 10:00 12:00 14:00 16200 18:00 20:00 22:00




Example: CO2-based control

ENFOR ==  SmariNet

SmartMet = D7811

Booking plan Temperature limits
D7811 Controller

Cost: co2intensity [g/lkWh]

=3 me-5m [ WaterTemperatureFonsard

me-5m [ AirTemperatura

pre [ WaterTemperatureReturmbinLimil
pre [ WaterTemperatureReturniaxLim
pre [ WaterTemperaturefReturm

32

k3

me-5m { WaterTemperatureReturn
pre [ WaterTemperatureSatpoint
me-5m ! WaterTemperatureSetpoint
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Temperature [*C]
L]

z7
Z6
25
16:00 18:00 20c00 22:00 2017-11-27 0200 04:00 06200 08:00 10:00 12:00 14:00 16:00 18:00 20000 22:00
Download
o 1.00 = pre-inp { CostPre
cozgintensity [ghkwh]
350 0.75 M| ¥ pre s valvestae
I o M ¥ me-sm i valvestate
— 300 050 ©
@ n
S L
250 l — 0zs §
200 O 0.00
16:00 18:00 20c00 22:00 2017-11-27 0200 04:00 0600 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Download
Online mode [ <<=< | <<= [ << | < [ Now 22> | =22 | | 2017-11-26 21:58:10 CET =Y User: SmartNet (Loge
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Flexibility Setup and Control
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Characteristics

Flexibility Function
(Estimator)

i

Penalty Response

r

Figure 1: A smart building is able to respond to a penalty or external control
signal.
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Flexibility Function

I

o
E ~ L B

-
'3 g U PP _‘Eﬁ - gﬁ
5 - -

[=
o T - o
= —— Energy demand =3
E e —— Penalty pc E
R (o2
E R =
E S I I I I I 1 S

0 2 4 6 8 10
Time

Figure 2: The energy consumption before and after an increase in penalty. The
red line shows the normalized penalty while the black line shows the normal-
ized energy consumption. The time scale could be very short with the units be-
ing seconds or longer with units of hours. At time 2.5 the penalty is increased,

Equivalent to: Impulse response, transfer function, and frequency response function
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FF for three buildings

I

€ N7
o /""-___-‘-""\-_____\__
O — pEpemem-mafa- -
&
g —
2 3. N —— Building 1
E _ S Eu!ld!ngz
g 3; i —— Building 3
[ I | I I
0 10 20 30 40
Time (Hour)
Figure 5: The Flexibility Function for three different buildings.
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DTU
Penalty Function (examples) =

e Real time CO,. If the real time (marginal) CO, emis-
sion related to the actual electricity production is used as
penalty, then, a smart building will minimize the total car-
bon emission related to the power consumption. Hence,
the building will be emission efficient.

e Real time price. If a real time price 1s used as penalty, the
objective 1s obviously to minimize the total cost. Hence,
the building is cost efficient.

e Constant. If a constant penalty is used, then, the con-
trollers would simply minimize the total energy consump-
tion. The smart building 1s, then, energy efficient.
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Smart Grid Application ==

Peak shaving,

voltage conbrol, Energy efficient, Emission efficient, Cost efficient
Balancing, .. depending on selected Penalty Signal

Congestion managemeant,

Panalt L
depending an Penalty Generator R Flexibility Function
(Estimator)

Figure 8: Smart buildings and penalty signals.
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DTU
Procedure for calc. Flex. Index =

o
for energy, price and emission based flexibility char.
The test consists of the following steps:
1. Let A: be the price of electricity at time ¢.
2. Simulate the control of the building without considering the price, and let
uf be the electricity consumption at time ¢.
3. Simulate the control of the building considering the price, and let u} be
the electricity consumption at time ¢.
4. The total operation cost of the price-ignorant control is given by
0 _ TN 0
5. Similarly the operation cost of the price-aware control is given by
ct =N Al
t=0 5
6. 1 — g—; is the result of the test, giving us the fractional amount of saved
money.
This test is inspired by minimizing total costs for varying electricity prices,
but in general A; could just represent ones desire to reduce electricity demand
at time f. B

> CITIES

@ CentreforlT Intelligent Energy Systems The Hong Kong Polytechnic University, BSE Seminar, Dec. 2018



(0. ywsl

18:00 00:00

12:00

06:00

00:00

12:00 18:00

0600

00:00

no

e ded Ay eued

18:00 00:00

12:00

06:00

00:00

12:00 18:00

0600

00:00

I B0 a0 o 20
| | | | |
@ Q
\
\
§
™
_.._._ .._.
,.__._._,_ ../.
\
\
™,
I I T I
000t 000E 000E [i;11]}

1500 PEIEINWUNISY

Dec. 2018

eminar,

18:00 00:00
b
b

12:00

06:00

00:00

12:00 18:00

I
0600

00:00

Centre for IT In

b CITIE



w—)
]
—

Flexibility given
framework conditions

i

Solutions

g Qwul"

010100110100010101000100

| l Flexl

| § Dbility )

Framework
Conditions

Models (eg. grey-box models)

Buildings;
Districts;
Cities
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Realistic Penalties for DK

I

-~ RN
2 -

‘g 7] S Wlnd Penalty

o ¥ _ —— Solar Penalty

o e —— Ramp Penalty A
=] . -
S - |

1IJ|‘} 150 200
Time (Hour)

Figure 6: Penalty signals based on wind and solar power production in Den-
mark during some days in 2017.
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DTU
Expected Flexibility Savings Index ==

o
o

Table 1: Expected Flexibility Savings Index (EFSI) for each of the buildings
based on wind, solar and ramp penalty signals.

Wind (%) Solar (%) Ramp (%)
Building 1 | 11.8 3.6 1.0
Building 2 | 4.4 14.5 5.0
Building 3 | 6.0 10.0 18.4
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Flexibility without
framework conditions

i

Solutions

o BC

010100110100010101000100

H Framework

Conditions

Models (eg. grey-box models)

Buildings;
Districts;
Cities




=
=]
—

Reference Penalties

I

o ] =l r - = - =
(=]
:E‘ ] — Wind
— Solar
g g - —— Ramp
<
= | I I I I I I |
0 10 20 30 40 50 60 70
Time (Hour)

Figure 7: Reference scenarios of penalty signals related to ramping or peak
issues as well as the integration of wind and solar power.
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Flexibility Index =

Table 2: Flexibility Index for each of the buildings based reference penalty
signals representing wind, solar and ramp problems.

Wind (%) Solar (%) Ramp (%)
Building 1 | 36.9 10.9 5.2
Building 2 | 7.2 24.0 11.1
Building 3 | 17.9 35.6 67.5
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Summary

i

@

A framework called Smart-Energy OS based on grey-box modelling is
described for implementing smart energy systems

@ A number of case studies related to smart buildings is outline

¢

The SE-OS setup can focus on

*

Energy Efficiency

*

Cost Efficiency (Minimization)

*

Emission Efficiency (-> accelerating the transition to a low-carbon
energy system)

* Smart Grid demand (like ancillary services needs, ...)

@ We have demonstrated a large potential for unlocking the flexibility and for
demand response using grey-box modelling and Al

@ We have suggested a method for characterizing the energy flexibility which
facilitates smart grid applications and optimizes an integration of
fluctuating renewables
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For more information ...

See for instance

www.smart-cities-centre.org

...0Or contact
— Henrik Madsen (DTU Compute)
hmad@dtu.dk

Acknowledgement - DSF 1305-00027B
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Some 'randomly picked' books on modeling ....

Trexts i Statistical Scienee

Introduction to
General and Generalized
Linear Models

Time Series pan

Analysis S
mgrating

Renewables in

Electricity Markets

Oiperational Froblems

Henrik Madsen
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